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ABSTRACT: The effects of solar UVA radiation on total bacterial production (*H-thymidine [TTI] and
14C-leucine [TLI] incorporation), bacterial numbers, chlorophyll a, algal biomass and photosynthesis—
irradiance (P-E) response curves in Baltic Sea land-fast ice were studied in situ in the Gulf of Finland
in March 2005. Two tent-shaped frames, one covered with UVR opaque foil (exposure to photosyn-
thetically active radiation [PAR]) and the other with UVA transparent foil (exposure to PAR+UVA),
were set up on snow-free sea ice. The ice was incubated for 21 d, and weekly samples were taken
from both treated and snow-covered untreated (UNT) ice. The exposure to incident PAR controlled
the algal biomass but exposure to UVA caused an additional decrease in biomass (mean UNT, 47 ng
CI'%; PAR, 38 pg C I'Y; PAR+UVA, 18 ng C I'Y). Unidentified flagellates <20 pum were more sensitive
to PAR than to UVA, whereas the other algal groups were more sensitive to UVA (chlorophytes, pen-
nate diatoms) or mutually sensitive to PAR and UVA (centric diatoms). In the top 10 cm, the higher
values of photosynthetic parameters (o® and P%,) in the PAR+UVA compared with the PAR treatment
reflected the differences in the algal community composition. The effects of UVA on bacterial produc-
tion were mainly limited to the top 5 cm and were linked to changes not only in algal biomass but also
in algal species composition. After the first incubation week, the TLLI:-TTI ratios in the clearly flagel-
late-dominated surface layers (UNT, PAR+UVA) were higher than in the PAR treatment, where the
increase in TTI was attributed to the marked increase in chlorophyte and pennate diatom biomass.
These results show that the responses of Baltic sea-ice organisms must be taken into account when

the effects of climate change are assessed.
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INTRODUCTION

The ozone depletion in the stratosphere has stimu-
lated scientists from various fields to study ultraviolet
radiation (UVR; 280 to 400 nm), especially the UVB
component (280 to 315 nm), and its effects on living
organisms. Whereas the intensity and spectral quality
of UVB reaching the biosphere are strongly dependent
on the stratospheric ozone levels, the portion of UVA
(315 to 400 nm) in the incoming solar radiation is more
stable. Because it covers a wider wavelength span than
UVB, UVA can cause more damage to cells despite its
lower energy content per photon (Helbling et al. 1995,
Holm-Hansen 1997, Sommaruga et al. 1997).

In organisms, the non-DNA chromophores (such as
riboflavine) and unsaturated lipids play central roles
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by absorbing UVA and transferring the excitation
energy directly to DNA or to molecular oxygen, cre-
ating reactive oxygen species (ROS), which in turn
cause oxidative damage to organic molecules like
DNA (Harm 1980, Jagger 1985, Peak & Peak 1986).
UVA has also been shown to shut down net RNA
synthesis and to damage cell membranes and pro-
teins (Jagger 1985, Peak & Peak 1986). In the
chloroplasts of algae, the absorption of excessive
photosynthetically active radiation (PAR) and UVA
oversaturates the photosynthetic electron transport
chain and chlorophyll becomes an alternative elec-
tron acceptor, leading to the formation of ROS if
oxygen is present (Asada & Takahashi 1987, Salin
1988). The reaction centre of the photosystem II
(PSII) protein-pigment complex and enzymes from
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the Calvin cycle are highly sensitive to ROS and,
thus, photosynthesis generally becomes inhibited
under UVR exposure.

The small size of single-celled organisms makes
them particularly susceptible to UVR because the
radiation quickly reaches most of the cellular compo-
nents (Garcia-Pichel 1994, Karentz et al. 1994, Jeffrey
et al. 1996). Bacteria, as well as algae, are known to
be able to repair some of the UVR-related damages in
DNA via photoreactivation, excision repair and post-
replication repair (Harm 1980, Karentz 1994). The
extent of the repair processes varies widely between
species and even within strains, but it is also depen-
dent on the wavelength in the UV region (Harm 1980,
Jagger 1985). In addition, algae are known to synthe-
size intra- and extracellular UV-absorbing compounds
like mycosporine-like amino acids (MAAs), which
have their absorption maxima between 309 and
360 nm (Roy 2000 and references therein). In Antarc-
tic ice algae, porphyra-334 is the predominant MAA
compound (Karentz 1994, Ryan et al. 2002) but shi-
norine, mycosporine-glycine and palythine have been
identified from Ross Sea and Baltic Sea ice samples
(Erickson 2000 in Arrigo & Thomas 2004, Uusikivi et
al. 2010). However, the results of Ryan et al. (2002)
indicated that the photoprotective role of MAAs may
not be as important in sea-ice algae (mainly diatoms)
as in phytoplankton (Villafane et al. 1995). In contrast
to algae, heterotrophic bacteria generally lack UV-
protective pigments and compounds (Garcia-Pichel
1994, Karentz 1994).

The sensitivity to UVR generally increases with lati-
tude (Vernet 2000 and references therein). In Antarc-
tica, UVA had a greater photoinhibitory effect on
photosynthesis compared with UVB (30 and 14 %, re-
spectively) (see Holm-Hansen 1997); a similar trend
was observed in bacterioplankton viability, with UVA
being responsible for a ca. 52% reduction in the sur-
vival fraction compared with 14 % for UVB (Helbling et
al. 19995). In the surface layers of an alpine lake and the
northern Adriatic Sea, the 70 % inhibition in bacterial
production was due equally to UVA and PAR whereas
UVB had no effect (Sommaruga et al. 1997). In sea ice,
the very limited possibility for vertical movement and
the general dark-adaptation of the organisms may
make them more susceptible to UVR compared with
plankton. The extracellular formation of ROS in the
brine channels may cause additional damage to the
cells (Neftel et al. 1984). Previous studies on sea-ice
organisms have so far only focused on UVB or UVR;
the role of UVA in causing UVR damage has not yet
been determined.

Sea ice is formed in the Baltic Sea annually and the
ice-covered period can last up to 6 mo in the northern
areas (Malkki & Tamsalu 1985). Despite the low sur-

face salinity of the northern Baltic Sea (PSU <7), brine
channels hosting active microbial food webs are found
in the Baltic Sea ice (Norrman & Andersson 1994,
Meiners et al. 2002, Kaartokallio 2004), and the ice-
algal biomass is manifold compared to the phytoplank-
ton biomass in the underlying water column (Haecky
et al. 1998, Meiners et al. 2002, Kaartokallio et al. 2007,
Rintala et al. 2010). Bacteria in polar sea ice have been
reported to be more active (27 to 34 %, 5-cyano-2,3-
ditolyl tetrazolium chloride stained) than bacteria in
the water column (1 to 10%) (Junge et al. 2002, Martin
et al. 2008); a similar result was obtained from the
Baltic Sea (J. Piiparinen unpubl. data).

The penetration and effects of UVR in sea ice
depend on snow and ice thickness, but impurities
(biota, particulates, dissolved organics) as well as air
bubbles and brine pockets also have an effect by
absorbing and scattering light (Perovich 1998). Com-
pared with the polar sea ice, the snow layer on the
Baltic Sea ice is relatively thin with high spatial and
temporal variation in presence, thickness and density.
The fluctuating air temperatures result in melting—
freezing events in the Baltic Sea, exposing the ice to
solar radiation and incorporating the melted snow into
superimposed ice (Granskog et al. 2006, Pirazzini et al.
2006). Rasmus et al. (2002) calculated that transmit-
tance of UVA was from ca. 5 to 11 % for 30 cm thick ice
with 3 cm snow cover in Santala Bay, Gulf of Finland,
in early April. Several measurements carried out at the
same location in March by Ehn et al. (2004) showed
that transmittance of UVA in 27.5 cm thick snow-free
ice can be as high as 30 %.

In light of future climate scenarios with milder win-
ters, i.e. thinner snow and ice cover in the Baltic Sea
(Haapala et al. 2001, HELCOM 2007), this study aimed
to investigate in situ the long-term effects of solar UVA
radiation on bacterial productivity, algal biomass and
composition of natural sea-ice algal communities in
snow-free conditions. The in situ approach was chosen
because of its minimal disturbance on the studied com-
munity, which is of major importance when working
with sea ice.

MATERIALS AND METHODS

Study site, experimental set-up and sampling. This
study was carried out on fast ice in the vicinity of the
Tvarminne Zoological Station of the SW coast of Fin-
land (59°51'N, 23° 16" E) during March and April 2005.
The experimental units consisted of 2 tent-shaped
wooden frames covered with transparent plastic foils,
each frame covering an area of 0.97 m?. This area is
equal to approximately 100 ice cores and thus pro-
vided an area large enough for random sampling of the
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<11 ice cores per treatment required during the exper-
iment. To serve as the UVA exposure treatment
(PAR+UVA), one frame was covered with a plastic foil
(Roscolab Ltd.), which blocked UVB and allowed, on
average, 85% transmission of wavelengths >315 nm.
The UVA exclusion treatment (PAR) was achieved by
covering the other frame with a UVR opaque foil
(Roscolab Ltd.), which transmitted nothing below
390 nm but allowed, on average, 82 % transmission of
visible wavelengths. The transmittance spectrum of
the foils was measured with a Perkin Elmer Lambda
650 UV/VIS spectrometer and verified in field condi-
tions with a Ramses-ACC Hyperspectral Irradiance
Sensor (320 to 950 nm).

The frames were anchored onto snow-free sea ice at
a site with minimum shading from nearby land and at
a water depth of 3.5 m. The foils were cleared every
morning from the frost formed during the night. Air
temperature and global radiation (400 to 1100 nm) dur-
ing the experiment were measured every 30 min by
the GroWeather station at the Tvarminne Zoological
Station. Snow depth on the untreated ice was mea-
sured with a precision of 1 cm on each sampling date.

Ice samples from the treated ice (PAR+UVA and
PAR) were taken every 7 d from 2 March to 6 April
2005, with one extra sampling after 4 d incubation. To
assess the simultaneous natural succession and the
effect of the tent enclosures, the snow-covered un-
treated ice near the experimental units (UNT) was also
sampled at each sampling. In order to ensure a suffi-
cient amount of ice for the planned analyses, 2 to 3 ice
cores from both treatments and untreated ice were
drilled with a Kovacs Mark II ice auger. The ice cores
were cut into 3 to 4 vertical pieces depending on the
ice thickness, but always so that the uppermost ice was
cut into pieces at intervals of 5 cm. Samples were
placed in plastic containers and taken to the laboratory
for further processing. One part from each sample was
used for bacterial production measurement (see below)
and the rest was melted in darkness at +4°C. After
thawing, the parallel samples were pooled and mixed,
salinities were measured using a YSI 63 meter and
subsamples were drawn for further analyses.

Chlorophyll a and algal biomass. Chlorophyll a
(chl a) was determined by filtering two 100 ml aliquots
from each thawed sample onto Whatman GF/F filters,
which were immediately placed in 96 % v/v ethanol
and frozen (-18°C) for 30 d at most. Before measuring,
the samples were extracted at room temperature in
darkness for 24 h. The extract was filtered again
through a Whatman GF/F filter and the chl a fluores-
cence was measured with a Jasco FP 750 spectro-
fluorometer calibrated with pure chl a (Sigma-
Aldrich); concentrations were calculated according to
HELCOM (1988).

Algal species abundance and biomass were deter-
mined at the beginning of the experiment and after
3 wk incubation for the whole-ice columns and every
week for the top 5 cm. A volume of 50 ml of each
melted sample, preserved with acid Lugol's solution,
was settled according to Utermohl (1958) and the algae
were counted using a Leica DM IRB microscope. Due
to the low salinity of Baltic Sea ice, the direct melting
does not generally produce serious problems in most
algal groups, but some fragile flagellates may be lost
(H. Kuosa unpubl. data). Thirty to sixty cells or
colonies/trichomes of the most abundant taxa were
counted either using a 10x or 40x objective, depending
on the size of the taxon. The counted area varied from
half of the cuvette for large taxa and colonies/tri-
chomes to 20 random fields for small numerous taxa.
The biomass (ug C17!) of each taxon was calculated us-
ing taxon-specific cell-size-dependent carbon contents
(Menden-Deuer & Lessard 2000, HELCOM 2006). The
biomass diversity in samples was assessed by calculat-
ing Simpson's index of diversity (1-D) for each sample.

Photosynthesis—irradiance responses. The photo-
synthesis—irradiance response (P-E) curves (Platt et al.
1980) were determined at the start (2 March), after 4 d
incubation (6 March) and after 3 wk incubation (23
March). Melted pooled ice samples (3 ml) were incu-
bated with NaH!4COj-addition (final concentration
0.33 pCi ml™') (International Agency for *C, DHI) for
2 h under 16 different light intensities up to 577 pE m~2
s™! and 2 dark replicates in incubators equipped with
quartz halogen lamps (GE ELH, 120 V 300 W), heat
shields and a green filter for use in the Baltic Sea,
resulting in a spectrum from 450 to 680 nm with a max-
imum intensity at 540 nm. The incubators were cooled
by circulating ice-cold water through them. The incu-
bations were terminated by adding 100 pl of formalde-
hyde (final concentration 1.23 %) to the samples. The
unincorporated NaH"“COj; was removed by acidifying
samples with 1N HCI for 48 h, after which Insta-Gel
Plus scintillation cocktail (Perkin Elmer) was added
and the incorporated radioactivity was measured using
a Wallac WinSpectral 1414 scintillation counter. The
photosynthetic rates (mg C I"! h™!) were calculated
according to Steemann-Nielsen (1952) and corrected
with the carbon isotope discrimination (1.05). The total
inorganic carbon (TIC) concentrations were obtained
from a linear relationship between bulk ice salinity and
TIC concentration (R2 =0.88, n = 50; H. Kuosa unpubl.
data). The rates were normalized to chl a (mg C mg
chl a! h™!), and photosynthetic efficiency (o), maxi-
mum capacity (P%,) and light saturation index (E,) were
determined from the P—E curves using the equations of
Platt et al. (1980). Previous tests (Kaartokallio 2004) in
the study area indicate that directly melted samples
can be used for *C-uptake measurements.
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Bacterial number. To determine the total bacterial
number (TBN), 20 ml was drawn from each pooled and
thawed sample and preserved with EM-grade glu-
taraldehyde (final concentration 1.25%). Aliquots of
5 ml were filtered onto black 0.2 pm pore-sized poly-
carbonate filters (Osmonics) and stained for 5 min with
0.055 % acridine orange solution (Hobbie et al. 1977).
Bacteria were counted under blue excitation light (I3
filter block) using a Leitz Aristoplan epifluorescence
microscope equipped with a PL Fluotar 100x 12.5/20
oil immersion objective. At least 200 cells from 20 ran-
dom fields in a New Porton E11 counting grid were
counted from each sample.

SH-thymidine and *C-leucine incorporation. The ef-
fect of UVA on bacterial production was assessed by
measuring the total *H-thymidine (TTI) and “C-leucine
(TLI) incorporation (Fuhrman & Azam 1982, Kirchman
et al. 1985). The dual-label approach was chosen to de-
tect the balance/imbalance in bacterial growth and the
sensitivity of DNA and protein synthesis to UVA, as
these processes may respond differently to different
wavelengths (Simon 1990, Aas et al. 1996, Sommaruga
et al. 1997). The incorporation rates were not converted
to carbon production, as it was not relevant for this
study and the calculation would have required knowl-
edge on several conversion factors not well known in
this highly variable experimental environment. In order
to avoid rapid melting and drainage of brine, the fol-
lowing procedures were performed at +4°C. After cut-
ting the ice (see above), a piece of each parallel ice
sample was crushed, first coarsely with a spike and
then with an electric ice crusher. Approximately 7.5 g of
pooled crushed ice samples was weighed in a scintilla-
tion vial using a Mettler PE 3600 laboratory balance,
after which 2 ml of 0.2 pm filtered autoclaved Baltic Sea
water concentrated by evaporation to 12.9 (ca. 2x sea-
water salinity at the study site) was added to simulate
brine salinity and ensure even distribution of labelled
thymidine and leucine (Kaartokallio 2004). After that,
the adsorption blank was fixed with formaldehyde
(final concentration 1.85 %) and [methyl-*H]-thymidine
and L-[*C(U)]-leucine (Perkin Elmer) were added to
all samples (2 to 3 replicates per sample) in final con-
centrations of 14 and 1000 nM, respectively. These
concentrations are based on the results of several
earlier saturation-level tests in sea ice from the same
area at different stages of the ice season (Kaartokallio
2004, Kuosa 2006, J. Piiparinen unpubl.). The labelled
leucine was diluted 1:4 with carrier leucine, except for
the 2 first samplings when only labelled leucine was
added. The samples were incubated in the dark at ca.
—0.5°C in an LMS 250 cooled incubator. At sub-zero
temperatures bacterial processes are slow and thus, the
incubation time was prolonged to 16-17 h. The incu-
bation was stopped by adding formaldehyde (final con-

centration 1.85%) and samples were allowed to melt.
The standard cold-trichloroacetic acid extraction
method (Fuhrman & Azam 1982) was used for the re-
moval of unincorporated S°H-thymidine and '“C-
leucine. The samples were filtered onto 0.2 pm MCE-
filters (Advantec), which were then dissolved with
Insta-Gel Plus scintillation cocktail in scintillation
vials. The radioactivity was measured using a Wallac
WinSpectral 1414 scintillation counter.

Statistical analysis. Multiple regression analysis was
used to test the significance of the differences between
treatments. Untreated ice was excluded from the
analysis because of the difference in the incident light
spectrum. Variation of chl a, TTI, TLI and TBN (depen-
dent variables) was modelled using global cumulative
radiation (GR) at the surface (proxy for UVA radiation)
and bulk salinity (standardization for salinity differ-
ence) as independent variables. The different treat-
ments (PAR+UVA and PAR) were included in the
model with the dummy variable technique (Draper &
Smith 1981). The insignificant independent variables
for the model of each dependent variable were elimi-
nated with a backward regression technique (proba-
bility of F to remove: 0.10). The regression analyses
were run for each layer separately and the bottommost
layer was run in the same regression analysis indepen-
dent of the ice thickness, as it always represented the
newly formed ice. The treatments differed significantly
if the dummy variable and/or the cross-product term of
GR and the dummy variable were significant for the
model. All the procedures were performed in SPSS for
Windows release 15.0. Values are presented as means
+ SD unless otherwise indicated.

RESULTS
Physical environment

The winter of 2005 was moderate, judging by the ice
extent of the Baltic Sea, according to the data of the
Finnish Institute of Marine Research (www.itameripor-
taali.fi/en/tietoa/jaa/jaatalvi/en_GB/2005/). A mild
period in December—January melted the first ice,
which had formed in November. The freezing began
again in February, and the ice was ca. 2 wk old when
the experiment began. The untreated ice reached its
maximum thickness of 29 cm at the end of March,
whereas both experimental fields started to melt down
1 wk earlier because of the greenhouse effect of the
experimental units; thus, the 2 last samplings (30
March and 6 April 2005) were excluded from the final
data analysis (Fig. 1B). After 2 wk of incubation, the
greenhouse effect started to gradually decrease the
bulk salinities in the top 5 cm, and on March 23 the
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Fig. 1. (A) Daily averages of global radiation (400 to 1100 nm)
and air temperature at the study site. Horizontal line denotes
0°C. (B) The ice thickness of untreated (UNT) and treated
(PAR+UVA and PAR) ice during the experiment. The thick-
ness of the snow layer on the untreated ice (snow) is shown
above the reference line denoting the snow-ice interface.
Samples taken after 23 March 2005 (marked with an arrow)
were excluded from the data analysis (see ‘Results’: Physical
environment' for details). (C) Bulk ice salinity profiles at
the beginning (start) and after 3 wk of incubation (dashed/
dotted lines with open symbols)

salinities in the treated ice were 0.3 units lower than in
the untreated ice (Fig. 1C). During the 3 wk of incu-
bation, the untreated ice was always covered with
packed dry snow (2.5 = 0.9 cm). At every sampling, a

0.5 m thick low salinity layer (1.3 + 0.5) was observed
beneath the ice, overlaying the saltier Baltic Sea water
of 4.8 + 0.4. The solar radiation (400 to 1100 nm) more
than doubled during the experiment (Fig. 1A). No
instrumentation was available to measure solar UVA
radiation continuously at the study site but, as the por-
tion of UVA in the solar radiation is known to be con-
stant, it can be approximated that UVA radiation had a
similar increasing trend. This was supported by the
significant correlation (Spearman's p = 0.94, n = 728)
between global radiation (335 to 2200 nm) and UV
radiation (290 to 400 nm) measured at a monitoring
station 100 km west of Tvarminne in March (data pro-
vided by Finnish Meteorological Institute). The perfor-
mance of the foils in the field was tested in a separate
experiment, and the spectral attenuation profiles
inside the treated ice differed only in UVA (J. Piipari-
nen et al. unpubl.).

Regression analysis

The regression analyses resulted in 12 multiple
regression models with varying independent vari-
ables. The cross-product term was significant for every
model except TBN, which depended only on bulk
salinity in the top 10 cm; in the bottommost layer no
regression model could be fit to TBN (Table 1). The
significant cross-product term shows that GR was sig-
nificant for the regression function of PAR treatment
but not for the PAR+UVA function and, thus, the coef-
ficients were different for the 2 treatments. Salinity
was significant for all the regression models in the top
10 cm, but below 10 cm the cross-product term (for
TTI, TLI and chl a) and GR (for TTI and TLI) were the
only significant independent variables.

Eifects on chl a and algal biomass

At the beginning of the experiment, chl a was evenly
distributed throughout the ice column. In the untreated

Table 1. Statistically significant differences between PAR+
UVA and PAR treatments in each layer. The results were
based on 12 different multiple regression models run for
each layer (n = 10) (data not shown). R?-values measuring
the goodness-of-fit of the models are shown. TBN: total bacte-
rial number; TLI: total *C-leucine incorporation; TTI: total
SH-thymidine incorporation. *: p < 0.05

Depth (cm) Chl a TTI TLI TBN
0-5 0.86* 0.92* 0.90* 0.46
5-10 0.89* 0.97* 0.94* 0.65
>10 0.78* 0.80* 0.81* 0.00
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ice, the increase in chl a concentration was most but the concentrations in the PAR treatment were sig-
marked in the top 5 cm where it increased from 0.7 to nificantly lower in the top 10 cm (R? = 0.81, p = 0.034)
6.5 ng I'! in 3 wk. The chl a distribution in the PAR (Fig. 2A). Exposure to UVA kept the chl a concentra-
treatment was generally similar to the untreated ice, tions close to the starting values, leading to a some-
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Fig. 2. (A) Chlorophyll a (chl a) concentrations, (B) total *H-thymidine incorporation (TTI) rate, (C) total *C-leucine incorporation
(TLI) rate, and (D) total bacterial number (TBN) in the untreated ice (medium-grey bars), PAR+UVA (light-grey bars) and PAR
(dark-grey bars) treatments
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what different chl a distribution across the layers and
resulting in significantly lower chl a values compared
with the PAR treatment (Fig. 2A, Table 1).

The mean algal biomass in the untreated ice
increased from 7 to 47 pg C I'! in 3 wk. The corre-
sponding biomass in the PAR treatment (38 pg C 1Y)
was lower than in UNT, but the exposure to UVA
dropped the biomass further by half (Fig. 3). The algal
species composition and their distribution changed
markedly in the treatments, with the changes begin-
ning to show after 1 wk of incubation (data not shown)
with a coincident increase in the solar irradiance.
Unidentified flagellates <20 pm dominated the ice-
algal densities and biomass in almost every sample but
their mean biomass in the PAR and PAR+UVA treat-
ments was approximately half and one-third of that in
the untreated ice, respectively. Chlorophytes and pen-
nate diatoms were the 2 main groups to benefit from
the exclusion of UVA, and their biomasses declined
with depth (Fig. 3). The unidentified colonial species
with small coccoid cells were by far the most abundant
chlorophytes in single-cell number, but larger, flagel-
lated Chlamydomonas spp. dominated the chlorophyte
biomass. In contrast to chlorophytes, both the abun-
dance and biomass of pennate diatoms were domi-
nated by the same species group, the unidentified
diatoms (20 to 30 pm), in both treatments. The pennate
diatom Achnanthes taeniata was present in layers
below 10 cm in both treated and untreated ice. The
mean biomass of centric diatoms varied only slightly
(0.6 to 3.5 ng C 1Y), but their distribution was markedly
different in the treated and untreated ice. In both treat-
ments, the centric diatom biomass peak occurred in the
10 to 15 cm layer whereas in the untreated ice the
highest biomass was observed in the topmost 5 cm
(Fig. 3). The centric species were mostly Chaetoceros
wighamii and occasionally also Melosira arctica and
Thalassiosira baltica. The 2 latter species and crypto-
phytes were absent from the PAR+UVA samples, but
they were encountered in the PAR treatment and
untreated ice.

The difference in the biomass-based Simpson's
index of diversity between treatments was largest in
the topmost layer (PAR+UVA, 0.44; PAR, 0.76), and in
the layers below values varied from 0.53 to 0.79 inde-
pendently of UVA. The corresponding surface ice
value in the untreated ice (0.63) fell between the val-
ues of the treatments, but otherwise the values were
lower than in the treated ice (0.15 to 0.44).

Photosynthetic activity

The highest P%, in the untreated ice was always
observed in the surface layer, whereas the layer with
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Fig. 3. Biomass of the main algal groups at the start of the

experiment and after 3 wk incubation in the untreated (UNT)

and treated (PAR+UVA, PAR) ice. Others: cyanophytes,
cryptophytes and dinoflagellates

the highest a-value changed from surface to bottom
during the experiment (Table 2). At the end of the ex-
periment, the mean values of o” and P%, in the treated
ice were lower and, moreover, were lower in the PAR
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(o® = 0.0047, P%, = 0.62) than in the PAR+UVA (0P =
0.0058, P, = 0.77) treatment. The biggest differences
between the 2 treatments were in the surface layers,
whereas the P-E curves in layers below 10 cm were

Table 2. Photosynthetic parameters and R%-values of the fitted
models at the start and end of the experiment. P%,: maximum
photosynthetic capacity (ug C [pg chl a]™' h™'); a®: photo-
synthetic efficiency (ng C [ug chl a]™* h™! [nE m™2s7!'|Y); Ey:
light saturation index (nE m™2 s7!). UNT: snow-covered un-
treated ice; PAR+UVA: photosynthetically active radiation
(PAR) and UVA exposure; PAR: UVA exclusion (PAR)

Depth o P5, Ey R?
(cm)
2 March 2005
UNT 0-5 0.0072 0.91 126  0.97

5-10 0.0069 0.71 102 0.97
10-17 0.0066  0.36 55 0.90

23 March 2005
UNT 0-5 0.0076  0.85 112 1.00
5-10 0.0032 049 153 0.99

10-15 0.0088  0.59 67 0.95
15-27 0.0101 0.68 67 0.98
PAR+UVA 0-5 0.0069  0.81 117 0.98

5-10 0.0079 1.08 137 0.98

10-15 0.0045  0.67 148 0.95
15-22 0.0043 0.60 140 094
PAR 0-5 0.0037 0.73 197 0.98

5-10 0.0054 0.61 113 0.99

10-15  0.0039 0.66 169 0.99
15-23.5 0.0053 054 101 0.94
1.2
Mar 2: Start
o]
0.8

almost identical (Fig. 4). The Ey-value in the untreated
ice dropped drastically from >100 in the top 10 cm to 67
below 10 cm, but in the PAR and PAR+UVA treatments
the values were >100 throughout the ice columns.
All the surface ice communities expressed slight photo-
inhibition (B, p > 0.05) after 4 d incubation (data not
shown), but at the end of the experiment photoinhibi-
tion was not observed in the PAR treatment (Fig. 4).

Bacterial responses

The TTI and TLI rates in the untreated ice were
always highest in the top 10 cm, and usually in the top
5 cm (Fig. 2B,C). On average, in the treated ice, the
exclusion of UVA enhanced the incorporation rates,
whereas the exposure to UVA kept the rates at a signif-
icantly lower level, the difference between treatments
being most pronounced in the top 5 cm (Table 1). In the
surface ice layer of the PAR+UVA treatment, TTI rates
were similar to those measured from the untreated ice,
whereas TLI rates were lower than in both the
untreated ice and the PAR treatment (Fig. 2B,C). TTI
and TLI in whole ice columns of the treated and
untreated ice were tightly coupled (Spearman's p =
0.73t0 0.85, p = 0.01, n = 13 and 16, respectively) indi-
cating balanced bacterial growth. However, in the top
5 cm layer, balanced growth was observed only in the
PAR treatment (Spearman's p = 0.70 UNT, p = 0.80
PAR+UVA, p = 1.0 PAR, n = 4 to 5). The mean TLI.:TTI
ratio in the untreated ice column was slightly higher
and varied more (245 + 71) than in the treated ice (221
+ 37). Because the ratios in untreated and treated ice
were more or less identical in the layers below 5 cm,
the difference was mostly attributed to markedly dif-
ferent ratios the surface layer (Fig. 5). In the PAR+UVA
treatment, the variation in the ratio was due more to

T
c
'IE' 0.4 4 the variation in TLI than in TTI, whereas in the PAR
(E) gg_?;m treatment the marked increase in TTI lowered the
o I —mem ratio. During the first 2 wk, the ratio in untreated ice
300 B 10-17 cm
o0
o 1.2
= Mar 23 Mar 23: o Mar 23: Mar 23:
s 0-5cm 5-10cm 10-15cm >15cm
'_‘: O
S 0.8 1 g .
8
0.4 - i
O PAR + UVA
® PAR
0-0 T T T T T T T T T v T T T
0 150 300 450 0 150 300 450 0 150 300 450 0 150 300 450

Irradiance (LE m=2 s7)

Fig. 4. Photosynthetic-irradiance (P-E) response curves in each layer at the start of the experiment (upper panel) and after 3 wk
of incubation (lower panels)
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Fig. 5. Total '“C-leucine incorporation: total *H-thymidine
incorporation (TLLTTI) ratio in the top 5 cm of untreated
(UNT) and treated (PAR and PAR+UVA) ice

was due mostly to changes in TLI, similar to the
PAR+UVA treatment; however, by the last sampling,
TTI increased at double the rate of TLI.

TBN had the opposite distribution compared with
incorporation rates and thus the highest TBN was
observed in layers below 10 cm in the untreated ice.
Exposure of the ice column to UVA resulted in slightly
lower numbers (Fig. 2D), but the regression model fit-
ted too poorly to reveal any significant differences
(Table 1).

The incorporation rates in the untreated ice were
closely linked to algal biomass (Spearman's p = 0.95
TTI, p = 0.92 TLIL, p < 0.01, n = 9). In the PAR+UVA
treatment, the relationship was equally strong with
both TTI and TLI (Spearman's p = 0.89, p < 0.05, n = 6),
whereas in the PAR treatment TTI was linked to algal
biomass (Spearman's p = 0.83, p < 0.05, n = 6) but TLI
was not (Spearman's p = 0.54, p > 0.05, n = 6).

DISCUSSION

The dry snow efficiently reflects back the incident
solar radiation, and the calculated albedos for dry
snow cover from 5 to 20 cm thickness are very close to
1 (Perovich 1993). However, in the present study the
untreated ice could not be used directly to assess the
influence of snow cover on the effects of UVA, as the
light spectrum above the untreated ice included UVB,
of which some portion might have penetrated the snow
cover. Thus, our observed results from untreated ice
may be lower than they would be without UVB.

The effects of UVA on algae

The algal succession in the untreated ice was typical
for Baltic Sea ice with a low-biomass, flagellate-domi-
nated initial stage followed by increases in algal bio-
mass and chl a concentration and the formation of dis-
tinct communities in the top and/or bottom of the sea
ice due to the increased solar irradiation (Norrman &
Andersson 1994, Haecky & Andersson 1999, Kaar-
tokallio 2004, Rintala et al. 2006). In the present study,
the lack of a high-biomass bottom community was
most likely related to the low saline bottom layer,
which had formed from the low saline water layer
underlying the ice. The resulting low brine volumes
are known to efficiently control the biomass in the
Baltic Sea and to shift the community composition
towards smaller species (Kaartokallio et al. 2007,
Piiparinen et al. 2010, Rintala et al. 2010).

The removal of snow and exposure to the incident
PAR led to a mean biomass that was one-third lower
than that of the untreated ice. This biomass was even
lower when UVA was included. Thus, it seems that
snow cover provided some shelter for algae and the
shelter was most likely related to light, as snow cover
moderates the light spectrum and intensities in ice;
however, the slightly different temperature regimes in
the top 5 cm of the untreated and treated ice might
have influenced the biomass as well. The lower chl a
concentrations in the PAR treatment compared with
untreated ice are explained better by the lower algal
biomass and different community composition than by
photoacclimation (i.e. the decrease in the chl a content
of an algal cell as a response to increased light), as the
chl a concentration in both the untreated ice and the
PAR treatment were tightly coupled with algal biomass
(Spearman'’s p = 0.90 and 0.94, p < 0.01, n = 9 and 6,
respectively). In the PAR+UVA treatment, this connec-
tion was lost (Spearman's p = 0.60, p > 0.05, n = 6),
pointing to some UVA damage such as photobleaching
(e.g. Maske & Latasa 1997) or a switch from autotrophy
to heterotrophy among the unidentified flagellated
species.

The strong response of community composition to
different light regimes revealed the UVA sensitivity
of different algal groups and, in some cases, of differ-
ent algal species. It must be noted that only a limited
number of species was present in the initial commu-
nity, and thus the results cannot be generalized too
much. For example, the observed low dinoflagellate
biomass, consisting of only one taxon, is in contradic-
tion to earlier observations from the area (Kuosa &
Kaartokallio 2006, Rintala et al. 2006, Kaartokallio et
al. 2007, Uusikivi et al. 2010). The most abundant
group—small unidentified flagellates—seemed to
be more sensitive to the incident PAR than to UVA.



84 Aquat Microb Ecol 63: 75-87, 2011

These flagellates belong to a variety of different algal
groups and, thus, the species composition as well as
their ratio of autotrophy to heterotrophy probably
varied between samples. The increase in chlorophyte
biomass with increasing PAR was not surprising, as
chlorophytes generally grow better under higher ir-
radiance (e.g. Richardson et al. 1983). In the Baltic Sea,
chlorophytes do not generally form a major component
of the sea-ice biota (Norrman & Andersson 1994,
Haecky & Andersson 1999, Meiners et al. 2002, Kaar-
tokallio et al. 2007, Rintala et al. 2010), and our results
indicate that their growth in ice is linked to the amount
of available PAR. However, their simultaneous de-
mand for high PAR and apparent sensitivity to UVA act
in opposite directions, narrowing their optimum envi-
ronmental range and, thus, partly explaining why
chlorophytes rarely form a significant biomass in sea
ice. Pennate diatoms, in contrast to chlorophytes, are a
common group in Baltic sea-ice communities, but their
highest biomass is usually observed in the bottom layer
of ice whereas centric species are encountered in the
surface layers (Meiners et al. 2002, Kaartokallio et al.
2007, Piiparinen et al. 2010, Rintala et al. 2010). Our
results revealed 2 interesting features of the 2 diatom
groups. Firstly, despite their general preference for
better-illuminated surface ice, the centric diatoms
were clearly sensitive to the incident solar PAR in the
absence of snow cover and Chaetoceros wighamii was
the only centric species to survive under the UVA
exposure. In contrast to the exposed ice, the biomass of
centric diatoms in the untreated ice was highest in the
top 5 cm, which points to the beneficial role of snow
cover in altering the quantity and quality of the incom-
ing light closer to the optimum of the encountered cen-
tric diatoms. Secondly, the commonly observed vertical
distribution of pennate diatoms within the ice column
might be dictated more by UV radiation than their
preference for low light levels. However, the dominant
pennate species were unidentifiable and thus, this the-
ory waits for further support. In freshwater, the benthic
diatom communities, which generally consist of pen-
nate species, were solely inhibited by UVA and no fur-
ther reduction was observed with the addition of UVB
(Bothwell et al. 1994). In the study of Karentz et al.
(1991), the pennate diatom Nitzschia kerguelensis was
the most UV-sensitive of the studied twelve Antarctic
diatom species indicating that the typical 2-chloroplast
configuration of pennate species might have played a
role by not providing enough shelter for nucleic DNA.

In Antarctic phytoplankton, diatoms seem to be more
resistant to solar UVR than flagellates, and the chl a
synthesis of these communities is recovered from UVR
exposure within a few days (Karentz 1994, Villafane et
al. 1995). In addition, according to the culture studies
reviewed by Vernet (2000), green algae are generally

as UVR-resistant as diatoms. These results are in con-
tradiction with our results as, in terms of biomass,
diatoms and chlorophytes were the most UVA-sensi-
tive algal groups, and the chl a concentrations in the
PAR+UVA treatment did not show any marked recov-
ery. The production of screening compounds and the
activation of the photorepair enzymes are light-in-
ducible, and pre-acclimating the communities in PAR
enhances the recovery from UV exposure compared
with the non-acclimated communities. At a global
scale, the different light regimes result in differences
in the UV sensitivity between latitudes (Vernet 2000
and references therein). For example, Helbling et al.
(1992) found that Antarctic phytoplankton was signifi-
cantly more affected by UVR than tropical phytoplank-
ton, and that more than 50% of the photoinhibition
caused by UVR was due to UVA. In our experiment,
the lack of pre-acclimation might have explained the
poor recovery in the PAR+UVA treatment, as the dark-
acclimated algae generally show low tolerance to
UVR. Uusikivi et al. (2010) measured high concentra-
tions (1.37 + 0.39 ng I'!) of palythine and shinorine
(MAAs) in the surface layer of snow-free ice in the
same area in mid-March 2007. Thus, it cannot be ruled
out that the exposure of algae to MAA synthesis-
inducing wavelengths (350 to 470 nm for diatoms)
(Riegger & Robinson 1997) might have triggered some
MAA production in the PAR+UVA treatment.

The values of the photosynthetic parameters re-
flected the differences and changes in the commu-
nity composition as well as the distance from the sur-
face of the ice. The decline in light saturation index
(Ex) with depth in the untreated ice is typical for
snow-covered Baltic Sea ice (Piiparinen et al. 2010,
Rintala et al. 2010), whereas the higher Ey-values
and lower oP-values in the bottom layers of the
treated ice indicated that sufficient amounts of light
reached the bottom layer and that communities were
less dark-adapted than in the untreated snow-cov-
ered ice. However, the Ey-values in the snow-cov-
ered untreated ice were still well above those
reported by Rintala et al. (2010) for sea-ice algae in
Baltic Sea drift-ice (39 = 27 pE m2 s7!), which might
be because of the more southern location of our
study area and the snow-ice layers in the Gulf of
Bothnia (Rintala et al. 2010). The higher o”- and P%,-
values in the top 10 cm of the PAR+UVA treatment
compared with the PAR treatment at the end of the
experiment was most likely due to the different algal
community composition in the treatments. The
approximately equal o”- and P%,-values in the top
5 cm of the untreated ice and PAR+UVA treatment
also indicate that the exposure to higher UVA irradi-
ance did not affect the photosynthetic capacity and
efficiency of the surviving community.
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The effects of UVA on bacteria

The incorporation rates and bacterial numbers in the
untreated ice were within the range observed in ear-
lier studies from the same area (Kaartokallio 2004,
Kaartokallio et al. 2007). As expected, the effects of
UVA on TTI, TLI and TBN were strongest in the top
5 cm, and only occasionally occurred down to 10 cm
depth. Therefore, the discussion below is focused on
the top layer unless otherwise indicated.

The UVA-induced cell membrane damage affects
the transport in and out of the cell (Jagger 1985). If the
uptake of labelled thymidine and leucine are involved,
an artificial uncoupling between the bacterial numbers
and production rates would be observed (Sommaruga
et al. 1997). In our experiment, the exposure to UVA
did not result in any negative changes in the correla-
tion between TBN and incorporation rates, either
when all layers were included or when correlations
were run only for the top 5 cm. Thus, it can be con-
cluded that this potential methodological drawback
was insignificant for the present study.

Based on our results, UVA mainly affects bacterial
production in Baltic Sea ice indirectly via algal bio-
mass, and the differences in incorporation rates
between the treatments were mostly due to differences
in algal biomass and algal species composition. The
stable algal biomass in the surface layer of the
PAR+UVA treatment resulted in a stagnant period of
2 wk with a constant TTI rate, whereas in the PAR
treatment the TTI rate started to increase with algal
biomass, most of which was attributed to the growth of
pennate diatoms and chlorophytes. The high TLI:TTI
ratios found in the present study are typical for Baltic
sea-ice bacterial communities (Mock et al. 1997, Kaar-
tokallio et al. 2007). Besides unspecific incorporation of
leucine to non-protein leucyl-tRNA (Chin-Leo & Kirch-
man 1988), the high TLI may indicate a need for amino
acids in, for example, osmoregulation (Mock et al.
1997, Kaartokallio et al. 2007). Our results indicate that
one factor affecting the TLI rates besides algal biomass
could be algal community composition, which affects
the quantity and quality of exudated dissolved organic
matter (DOM). The flagellate biomass in the clearly
flagellate-dominated surface-ice communities of un-
treated ice and in the PAR+UVA treatment correlated
significantly with TLI rates (Spearman's p =1.0, n=7),
whereas in the PAR treatment, where the algal species
composition was different, no such connection could
be found. According to Shiah & Ducklow (1997), in less
favourable conditions protein synthesis may be
favoured for ensuring the survival of bacteria. This
agrees with our results from the PAR+UVA treatment
and untreated ice, where TTI remained stagnant but
TLI had an increasing trend that was directly related to

flagellate biomass. The decreasing TLLI:TTI ratio in the
PAR treatment after 1 wk of incubation points to a
switch from unfavourable to more favourable growth
conditions (Shiah & Ducklow 1997, Gasol et al. 1998),
which could have been attributed to increased sub-
strate supply from the increasing pennate diatom and
chlorophyte biomass. However, the generally poor
response in TBN to increase in TTI in the PAR treat-
ment points to effective grazing or to other losses, such
as viral control on bacteria in Baltic Sea ice, agreeing
with earlier studies (Kaartokallio 2004, Kaartokallio et
al. 2008).

UVA radiation could also have had direct effects on
bacteria but, because of the strong influence of algal
biomass on bacterial production, these effects were not
obvious. Especially in the PAR+UVA treatment, the
decline in algal biomass may have exposed the bacter-
ial cells to UVA more than in the PAR treatment and
untreated ice, where organisms might have protected
each other from solar radiation by shading (e.g. Som-
maruga et al. 1997). The mean UVA fluence rate (10 +
4.8 W m?) during daytime in our study area in March
(J. Uusikivi pers. comm.) is one-third of the UVA flu-
ence rate used for studying sublethal oxidative dam-
age to Escherichia coli (Pizarro 1995), and thus it can
be assumed that the possible direct effects of UVA
were mainly sublethal. The relatively stable TBN in
the PAR+UVA treatment also points to the sublethal
role of UVA. One of the sublethal effects of UVA is
growth inhibition, which consists of growth delay and
a subsequent small depression in growth rate (Jagger
1981). Growth inhibition is attributed to a decrease in
RNA synthesis, which can be subsequently detected as
reduced protein synthesis, but the studies reviewed by
Jagger (1985) indicate that DNA damage is not
involved. The incorporation rates in the bottommost
layer were almost equal in the treatments and were
markedly higher than in the untreated ice, which
highlights the indirect effects of UVA via the primary
producers.

Climate change

Model calculations of future ice conditions in the
Baltic Sea predict milder winters, i.e. decreases in ice
and snow thickness (Haapala et al. 2001, HELCOM
2007), which will allow more solar radiation to pene-
trate the ice cover. This radiation will include both
UVB and UVA; therefore, our results concerning only
UVA can be considered as the minimum effects of UVR
on Baltic Sea sympagic communities.

The impact of natural intensities of UVA on bacteria
was restricted to the top 5 cm of the ice, but the algal
responses extended throughout the ice column. Extra-
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polating our results to future climate scenarios with
more UVA in sea ice, we expect to see a decrease in
ice-algal photosynthesis (i.e. CO, fixation) and less
autochthonous production available for the sympagic
food web. If the algal species composition is altered
and diversity is decreased in a manner similar to that in
the present study, changes in trophic interactions in
sea-ice food webs may be expected to occur (Karentz
1991), and the role of sea ice in seeding the algal
spring bloom may be affected, both quantitatively and
qualitatively. Although we did not observe any direct
effects of UVA on bacteria, the indirect response attrib-
uted to algal biomass and algal species composition
indicates that the reduced or qualitatively altered algal
exudation of DOM will result in lower bacterial pro-
duction rates, affecting the nutrient and energy fluxes
in sea ice.
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